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Abstract 
The critical components in the oilfield and aerospace industries are made of Inconel 718 alloy. Thus far, 
the precision of high aspect hole making operation in these has been the bottleneck.  This article explores 
the usability of single lip deep hole drilling tools for such high aspect drilling applications. The unique 
construction of this tool, with integrated cutting and burnishing elements aids in producing straight and 
true holes. However, the process is incapacitated by the high hot hardness and abrasive nature of 718 
alloy, which leads to poor surface quality. Thus, the limitations in the current process indicate the 
breakdown in bearing pad functionality. This study is an attempt to explore the influence of bearing pad 
on hole wall deformation and drill head tilting and tipping, giving rise to axial interference. It was also 
observed that the resultant hole surface quality is dependent on axial interference. 
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1 Introduction 
It was during World War II the term “super alloy " was coined to describe the alloys used for 
fabricating turbo-superchargers and aircraft turbine engines that required to retain strength at elevated 
temperatures. Since World War II a number of new and improved super alloys have been developed: 
Nickel base alloys, cobalt base alloys, iron based alloys and titanium alloys are four major categories of 
extensively used super alloys. The range of application of these super alloys has expanded to aerospace, 
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steam turbine and nuclear power plants, reciprocating engines, metal processing tools, medical field, 
space vehicles, batteries and heat-treating equipment. Inconel 718 is the dominant super alloy in 
production. The versatility of this alloy stems from the fact that it possesses a unique combination of 
properties like, high resistance at elevated temperatures to corrosion, mechanical and thermal fatigue,  
creep and erosion (Choudhury & El-Baradie 1998; Ezugwu 2005).  
However, the improved material properties pose considerable challenges in fabricating components 
made of Inconel 718. They generally require special tools and special machines and processes. Since 
the components used in these fields operate in extreme environments, the machined surface quality 
requirement is extremely high. Especially aero engines and downhole equipment operate under high 
pressure, temperature and fatigue. Hence, the holes in these components require low surface roughness 
(<0.4µm: Ra) and minimal surface anomalies (Wang et al. 1998). Hence, to improve the resultant hole 
surface property roller burnishing or ballizing operations are performed after rough drilling.  
Single Lip deep hole drills (DHD) are quintessential combination tools as they produce precise holes, 
which are otherwise manufactured by a series of operations: drilling, reaming and honing to achieve the 
equivalent precision level. In gundrills, the cutting edge shears out the material ahead and forms conical 
chips, which are evacuated through the V-flute by the coolant flow. The side margin and the chamfer at 
of the bearing pads sizes the hole by pushing ahead the excess material. Finally, the bearing pad rubs 
against the hole wall and causes plastic flow of the metal in contact, thereby finishes the hole.  
Bellmouthing, hole axis deviation and spiralling are the topics on DHD hole quality discussed 
frequently in literature. Bellmouth refers to the formation of taper at tool entrance due to the instability 
in machining process. Astakov 2002,  presented the mechanism of bell mouth formation based on the 
clearance between starting bush and guide pad and proposed an optimum selection of starting bush for 
the given tool geometry. Sakuma et al 1978, 1980, 1981 studied the self-guiding action of DHD tools 
and reported the tendency of axial deviation. They showed the effect of pilot bush misalignment on hole 
straightness error. They also showed the effect of burnishing and radial load on surface roughness and 
waviness. It was concluded that with the increase in radial load the waviness of the surface increases 
and the feed marks on hole surface was formed by bearing pads and emphasised on the importance of 
chamfer angle on the tool design. The authors also investigated the effect of tool geometry on axial 
deviation for which they considered a normal gundrill and double edge gundrill (which would have the 
side radial forces cancelled out) and concluded that the tool with double edge gave minimum 
straightness error, but they produced oversized holes.  
Rao and Shanmugam 1987, reported the effect of drilling parameters on hole quality. They showed 
that the cutting speed had a prominent effect on roundness and straightness error when EN8 was 
machined with BTA tool. The error increased with increase in speed. The maximum roundness error 
shows an increasing trend with feed, whereas the straightness error shows a peculiar trend. Maximum 
straightness error occur at intermediate feed rates, error was reported to be minimized while operating 
at higher and lower range of feed rates. However, surface integrity study performed by the same authors 
showed that due to tearing of materials (ductile) the surface burnishing process was incomplete and very 
high surface roughness was achieved. Similarly, at low speed the difference in micro hardness (cut and 
burnished region) is very low indicating ineffective burnishing.  
Corney & Griffiths 1976, and Griffiths 1986,1987 performed the most comprehensive study on 
surface integrity using the quick stop setup and concluded that the superior performance of the DHD 
tools compared to conventional tools is to the burnishing action of the bearing pads. Griffiths measured 
the surface topography of the hole wall and proposed a burnishing mechanism of moving ridge model. 
He concluded that the white layer was formed due to the thermochemical process of heavy cyclic 
deformation with strain rates of the order 105 micron per second, temperature flashes and rapid cooling 
under heavy coolant flow.  
Investigations on hole accuracy and surface integrity analysis prove that the burnishing process in 
deep hole drilling is not stable. Unstable burnishing may lead to spalling and surface cracking both at 
the tool and workpiece surface, which is highly deleterious condition. Generally, internal burnishing 
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processes operate at a certain level of interference, which was found to improve the hole surface quality 
[Morimoto et al. 1983; Wang 1998; Nee & Venkatesh 1981; Fattouh 1989]. However, little has been 
discussed in this line for burnishing element in deep hole drilling tools. Further, all the researches on 
the hole surface finish mentioned above were evaluated for BTA tools, and a detailed study of single lip 
deep hole drilling tools is limited.  This works explore the influence of cutting edge geometry on forming 
burnishing interference. Finally, the resultant hole quality at different interference level are presented.  
2 Experimental Procedure  
Gundrilling experiments were performed with the same setup, as previous work (Chaudhari et al. 
2015).  Experiments were done in two phases. The first phase involves creation of pilot holes with self-
centering drill of diameter 7.8 mm and then reamed to 8 mm diameter. In the second phase, gundrill was 
introduced into these pilot holes.  The feed is stopped quickly and the tool is drawn back at 62 mm 
depth. Experiments were conducted at 20 m/min cutting speed and at  0.01 mm/rev feed rate. Internal 
coolant supply of 12 % gundrilling oil emulsion with water (viscosity-0.002 Pa.s) was maintained at 40 
bar pressure during the experiment. Gundrill geometries used in the experiment are shown in Fig 1. In 
the second set, the effect of feed rate on the drill performance was analysed for N4 and N8 geometry. 
Each set of experiments was replicated three times. 
 
Figure 1: Tool Geometry 
 
3 Tool Tip Inclination 
The cutting forces are not uniformly distributed across the cutting edge. The cutting velocity 
increases along the cutting edge and reaches a maximum at outer cutting edge-side margin interface and 
hence the cutting force increases along these cutting edges. In order to prevent premature tool failure, 
conservative process parameters (feed rate: 8.95-23.3 mm/min and rotational speed 873-1650rpm) are 
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used for Inconel 718 deep hole drilling (Woon et al. 2014). Under such machining conditions the uncut 
chip thickness is comparable to that of the cutting edge radius. Hence a significant level of ploughing 
load acts at the cutting edges, the effect of which are described by Woon et al. 2014. When cutting and 
ploughing force components are taken into account the load distribution across the cutting edge is non-
uniform. The resultant cutting force acts at a distance from the tool centre depending on tool macro and 
micro-geometry. The resultant radial and tangential load (Fy, Ft) when shifted to tool centre the 
equivalent force system includes roll (Mγ), pitch (Mβ), and yaw (Mα), moments about z, x, and y-axes 
respectively in addition to radial and tangential forces. This shows the inherent instability in the drill 
head, which should be compensated by the frictional interaction between bearing pad and hole wall. 
These moments indicate the inherent level of instability in the drill head. Instability moments are shown 
in Table 1.  
 
Moment Equation 
Rollሺஓሻ 	୷୧ ൈ ୶୧ ൅ 	୷୭ ൈ ୶୭ 
Pitch(ஒ) 	୷୭ ൈ ୸୭ െ 	୷୧ ൈ ୸୧ 
Yaw (஑) 	୲୧ ɔ୧ ൈ ୸୧ ൅ 	୲୭  ɔ୭  ൈ ୸୭
൅ 	୲୧ ɔ୧  ൈ ୶୧ ൅ 	୲୭  ɔ୭ ൈ ୶୭ 
Table 1 Moment at Tool Centre 
 
Where, ݎ௜௝indicates the location of resultant cutting forces of inner (ݎ௜) and outer cutting edge (ݎ௢) along 
x, y, z-axes. Of the three moments, the rolling moment disturbs the torsional rigidity of the shank and 
the latter two induces bending moment to the tool body. 
 
3.1 Pitch Moment 
Tool primary clearance secondary relief and nose conicity determine bearing pad lag. Combined 
action of the pitch moment about the tool centre   and eccentric loading on the bearing due to cutting 
forces displaces the drill tip about the x, y and z-axis. For a fixed hole diameter greater the tilt lesser the 
contact along the axial direction. Hence, the bearing pad engagement length is governed by this loading 
condition and inclination angle (θ). Similarly, the ridge formed between the cutting edge and bearing 
pad, moved by the chamfer is dependent on the tool tip inclination and the resultant radial forces. Pitch 
moment indicates the tools, tendency for eccentric angular rotation of the tool due to misalignment of 
the drill centre point. 
ܯఉᇱ ൌ ܯఉ ൅ ܨ௬ ൈ ሺ݌௔ െ ɗ ߮௜ሻ ൅ ܨ௧௭ ൈ ஽ଶ  
3.2 Yaw Moment 
Similarly, bearing pad support location along the circumference of the drill influences its stability in 
the longitudinal plane of the drill. The radial cutting force introduces a yawing moment, which tends to 
shift drill tip towards the trailing end of the bearing pad. Hence, from tool geometry it can be seen that 
the lower the position of trailing pad lower the yaw moment. However, lowering the location of trailing 
pad would affect the transverse stability of the tool and burnishing load distribution along the bearing 
surface. 
ܯఈᇱ ൌ ܨ௧௫݌௔ െܨ௧௭݌௥ െ ܯఈ  
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Figure 2:  Interference Due to Bending Moments (a). Yaw; (b). Pitch 
3.3 Axial Interference 
The bending moments create parallel and angular displacements at the drill tip. For a short and rigid 
shank the axial displacement of the drill tip, induces a tendency to produce oversized holes. The tipping 
creates a ridge  (Fig 3: Region 2) which are cleared off by the side margin and the chamfer at for the 
bearing pad. Hence the final deformation for hole sizing happens in front of bearing pad, at the chamfer 
edge which moves the ridge as the tool impinges into the hole. Hence, the axial interference is the final 
burnishing depth which would determine the level of contact between the bearing pad and the hole wall 
and the resultant hole quality is a strong function of this zone.   
4 Results & Discussions 
4.1 Hole Profile 
In the previous section, the influence of cutting edge angle and bearing pad location on tool stability 
was discussed and it was seen that, the cutting forces tend to tilt the tool. As the cutting edge engages 
with the pilot hole, the tool tips due to the moment created about the conical end. The lower end 
penetrates into the hole wall and is dragged along as the tool is fed forward. Further the tilting of the 
tool is evident in the slope of the hole surface near the cutting edge and bearing pad engagement zone. 
As the ratio of outer to inner cutting edge length increases the resultant radial force increases. This in 
turn increases the tool tendency to tip about the bearing pad. Due to this tipping, the cutting edge 
undercuts the hole and a ridge is formed ahead of the bearing pad.  
Burnishing axial interference and hole quality in deep hole drilling of Inconel 718 Malarvizhi et al.
1299
  
 
Figure 3: Hole Sizing Zones. 
 
Fig 4 shows the primary profile of the hole wall measured along the hole axis using Taylor-Hobson 
Form Talysurf Series 2. The graph shows three distinct regions. Region 1 is the profile near hole bottom 
and Region 3 is near hole mouth.  
Region 1 constitutes the pilot hole created to support the bearing pad during the engagement phase. 
Pilot holes are sized with a reamer and gundrill-bearing pads was dragged along this zone prior to tool 
engagement with the flat bottom.  
Region 2 represents the pilot hole-gundrill transition zone. Gundrill engagement begins in this region 
and hence for a major portion the tool operates in an underbalanced situation as the cutting edges are 
partially engaged. The slope of the profile in this zone is negative, indicating that this region is tapered. 
The lowest valley in the entire hole profile is observed at Region 2 to Region 3  transition zone. This 
indicates the tool axis is inclined to the hole axis due to bearing inclination in addition to back taper.  
The tool axis inclination leads to tool tip displacement in the radial plane.  
Region 3 is the trace of gun drilled blind hole end. The step indicates the transition from cutting to 
burnishing region. This observation is similar to the one reported by previous researchers in BTA 
drilling (Sakuma et al 1980; Corney & Griffiths 1976). The magnitude of deformation (interference) is 
much higher in a gun drill than in BTA. Though the self-piloting mechanics of the two tools are similar, 
due to size effect the burnishing loads are highly localized in the gundrill than in BTA drilling. 
Due to the limitation of stylus-based system, the Fig 4 shows a steep vertical drop from machined 
Region 3 to burnished Region 2. However, upon closer inspection with a higher magnification optical 
microscope, it was observed that the slope of the step matches with the chamfer angle ahead of the 
bearing pad (Fig 5).  The average step height increases as the outer cutting edge length or the radial 
force increases. Thus the uncut width creates an axial interference with the chamfer and at the front 
portion of the pad where the hole sizing and finishing happens. 
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Figure 4: Hole Primary Profile (axial) 
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Figure 5: Region 3: Axial Interference 
4.2 Diametrical Accuracy: 
The diameters of the gundrilled holes were measured by Zeiss CMM machine and the results are 
presented below. It can be seen that with the increase in axial interference, the tool has a higher tendency 
to form oversized holes. As mentioned in earlier tool tipping shifts the tool centre away from the hole 
centre and creates an axial interference. Hence, axial interference is a measure of tool tip inclination and 
burnishing intensity. However, with the shift in tool centre due to the pitching and yawing moments the 
tool tends to form an oversized hole. This is because for a small tilt in drill tip the spindle axis and the 
drill shaft, centre of rotation would still be in line with the hole axis and an inclined drill head rotating 
concentric to the shaft would form an oversized hole. In addition, the diametrical accuracy is also 
dependent on burnishing depth which is radial forces by the radial forces and bearing contact width. The 
non-linearity in axial interference and the diameter oversize is due to the exclusion of radial cutting 
force load variation for tools with different nose grind.   
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Figure 6: Influence of axial interference on hole diameter 
4.3 Feed Vs Diameter 
Polar graph 7 a, b shows the average hole diameter oversize at six different feed levels. 
Measurements were taken at 12, 25 and 40 mm depth for N4 and N8 tools. It is seen that consistently at 
12 mm depth the diameter shoots up and this is because it is at this point the gundrill engages with the 
pilot hole. Unlike the bellmouthing phenomenon upon loading at the tool nose zone, the pitching 
moment about the bearing pad shifts the tool centre as explained earlier and tends to form an oversize 
hole until the cutting force stabilizes. Moreover, the cutting force and hole diameter gradually starts 
increasing due to the accelerated tool wear experience during Inconel 718 machining.    
        
 
Figure 7: Influence of feed rate on hole diameter oversize: a-N4; b-N8 
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4.4 Surface Finish 
A new drill design was tested (with ߮௜ ൌ ͷ௢, ߮௢ ൌ Ͷͷ௢, ߖ ൌܦ ͶΤ ), and the axial interference level 
for this configuration was measured to be 31 µm. Fig 8 shows the surface roughness of the gundrilled 
hole and it shows that the interference has a major influence on the hole surface finish. Surface finish 
factor seems to improve as the axial interference level increases. However, beyond the 20 µm 
interference level the surface finish tend to deteriorate and into long and deep groove structure.  It results 
in unstable burnishing and are marked by randomly spaced parallel grooves (Fig 9) along the hole 
surface. However, such marks were not observed at 20 µm interference level. Therefore, for the given 
set of machining parameters there exit an optimum interference level to obtain better surface quality. 
The presence of cracks and grooves on the hole surface make the process, not suitable for fabricating 
critical components in aerospace and oil field industries. Hence the process parameters and tool 
geometries are to be optimized. 
 
 
 
Figure 8: Surface Finish Vs Axial Interference 
5 Conclusions 
1. The offset tool structure creates tool tip to tilt about the bearing pads. This creates axial and 
angular displacement at the drill tip. Thus, in axial plane an uncut layer is created and are 
cleared off by the bearing chamfer. The bending moments: yaw and pitch determines the 
burnishing depth or the axial interference level.  
2. By controlling the amount of deformation at the bearing pads the resultant hole surface quality 
can be controlled. Smaller the cutting angles higher the tilt and hence it increases the effective 
length of engagement.  Further, it is recommended that cutting edges and bearing pad in 
gundrills to be optimally designed for effective burnishing load in addition to load balancing.  
3. Single lip deep hole drilling tools produce very poor surface finish compared to conventional 
twist drill and reamer combination. However, it was found out that at 20 µm   interference level 
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the surface defects: grooving and surface cracking can be eliminated. The diametrical accuracy 
was found to be strongly depended on the feed rate for a given nose geometry. Hence, the 
process parameters and tool geometries are to be optimized in future work to exploit the full 
capabilities of the burnishing element in deep hole drilling tools.  
 
 
 
 
Figure 9: Surface Defects: Parallel Groves and Cracks 
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